Abstract and Summary.-Analysis of the electron spin resonance (ESR) of a 'y-irradiated single crystal of L-tyrosine-HCl reveals a free radical formed by loss of an H from the hydroxyl group attached to the ring. Principal g values of the radical are g. = 2.0023 A 0.0005, g, = 2.0067 + 0.0005, and g, = 2.0045 ± 0.0005, with gx perpendicular to the plane of the ring and g, along the CO bond to the ring. Analysis of the hyperfine structure of the spectra shows electron spin density on C(2) and C(6) to be 0.24 and on C(4) to be 0.32. Corresponding spin densities calculated from molecular orbital theory are 0.26 and 0.31, respectively.
Radiation effects on various derivatives of tyrosine in the powdered or polycrystalline form have been investigated before with electron spin resonance.1-' By bombardment of the sample with H atoms, Liming and Gordy4 recently showed that one type of radical produced results from H addition on the tyrosine ring. However, there are other ESR signals produced by ionizing irradiation of tyrosine and its derivatives which cannot be attributed to H-addition radicals. Also, when H-addition radicals are formed by ionizing irradiation of pure tyrosine, it is evident that the added H atoms must be released from some other part of the molecule. As the possible explanation of the ESR patterns observed in 7y-irradiated samples of powdered tyrosine and polytyrosine, radicals formed by loss of the hydrogen from the OH group on the ring have been postulated,1' 2 but this postulate could not be proved from the unresolved structure of the resonance of the powdered samples. We have undertaken this study on single crystals in the hope of correctly identifying the radicals formed and obtaining quantitative information about them.
The Tyrosine-HCl Crystal.-Single crystals of L-tyrosine-HCl were grown at room temperature by slow evaporation of L-tyrosine dissolved in 30 per cent hydrochloric acid.
The dimensions of the crystal used in this study were 1 X 1 X 8 mm. When the crystal was rotated about the c axis (see Fig. 1 ), six faces were observed. The approximate angles between these faces were measured by an optical goniometer, and the values were compared with the ones calculated from the unit cell dimensions.
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X-ray diffraction studies by R. Srinivasan5 indicate that L-tyrosine-HCl belongs to the monoclinic system with space group P21. The unit cell dimensions are a = 11.07 A, b = 9.03 A, c = 5.09 A, with j3 = 91.80. There are two molecules per unit cell with the point transformation from I to II being x -k -x, y -k y + 1/2, and z -> Z. 6 As the crystal is slightly hygroscopic, care must be taken to keep it dry. Figure 1 illustrates the form of the L-tyrosine crystal and the set of orthogonal axes chosen. The numbering system used in this paper is that of Srinivasan.
Experimental Procedure.-The crystal was subjected to a y-ray dosage of about 9.6 million R from a cobalt-60 source having a strength of 101 R/hr. Upon irradiation, the crystal changed from a nearly colorless state to a pale yellowish-brown. Irradiation and all observations were made at room temperature with ESR spectrometers at both X band (9 Gc/sec) and K band (25 Gc/sec). Spectra were recorded at intervals of 10°or less.
Spectral Observations.-Immediately after irradiation, ESR spectra of L-tyrosine-HCl were recorded with the magnetic field at various orientations in the bc', ac', and ab planes of the crystal. The spectral pattern was found to vary little with angle, the dominant feature being the five center lines which were spread over 25-33 gauss according to the orientation. The intensity distribution of the five lines was predominantly 1: 2: 1: 2: 1, changing to 1: 2: 2: 2: 1 for certain orientations. Two other quite anisotropic lines with a splitting of from 45 to 65 gauss were observed, one on each side of the central five; these two lines disappeared after a few days. The unstable radical producing them has not yet been identified.
The intensity ratio and splitting of the five lines suggest an isotropic f-proton doublet with each component further split by two nearly equivalent a-protons having anisotropic coupling (see Fig. 2 ). These facts and the principal directions of the g factor, which indicated that the electron spin density was distributed in the ring, suggested a radical formed by loss of an H atom from the hydroxyl group attached to the tyrosine. The hyperfine structure can be explained upon assumption that this radical is a hybrid of the four structures:
with spin density located on C(2), C(6), C(4), 0(1). A quantitative molecular orbital treatment of the radical is given in a later section. One would expect anisotropic coupling to the protons H(2) and H(6), and isotropic coupling by hyperconjugation to H(4) and H(7). From the X-ray diffraction data,' H(4) is found to be nearly in the plane of the ring; hence we observe no coupling to it. Experimentally, the isotropic hyperfine splitting at H(7) was measured to be 14.0 A 0.5 gauss. The hyperfine splitting of H(2) and H(6) tended to be nearly equivalent and varied experimentally with orientation from 5.5 gauss to 9 gauss. Principal Elements of the g and A Tensors.-The g tensor was computed from a least-squares fitting of the general formula' 92 = k1 + k2 cos 20 + k3 sin2O (1) to the data, where ki, k2, and k3 are the parameters to be determined. The g factor of the center of the spectrum was calculated with respect to 1,1-diphenyl-2-picryihydrazine (DPPH) and Mn++ in MgO, which were used as markers, by use of the relation 9 g 9DPPH + 2(HDPPH 2H)) HDPPH 2 This relation can be derived from the resonance condition hv = gfBH, where 9DPPH = 2.0036 and where HDPPH is the field at which the 1,1-diphenyl-2-picrylhydrazine line occurs, i.e., near 3000 gauss for X band. The variation in g factor is seen from Figure 3 to be symmetric about the crystal axis in the ab and bc' planes, as is expected from the crystal symmetry with two magnetically distinct molecules per unit cell. The radicals with the two different orientations, henceforth called (I) and (II), are equivalent along the crystal axes, and remain equivalent when the crystal is rotated about the b axis with the magnetic field in the ac' plane. The largest g value is observed when the magnetic field is in the ac' plane 600 from the c' axis. According to X-ray diffraction data, the direction of largest g corresponds to the 0(1) C(1) C(4) direction, which happens to be nearly the same for radicals (I) and (II).
From the g variation in the bc' plane, where the smallest g value is observed, the g value is practically the same, within experimental error, along the c' and b axes. This indicates that the minimum g, which corresponds to the normal to the ring, must form approximately 450 angles to the c' and b axes. It was also assumed that, in the ac' plane, radical (II) produced the predominant spectra from 00 to 900 whereas radical (I) produced the predominant spectra from 900 to 1800.
The principal elements of the g tensor and their direction cosines as listed in Table 1 were found from diagonalization of the g tensor.
By a similar procedure the principal elements of the anisotropic couplings of the two equivalent protons H(2) and H(6) were found, together with their direction cosines. The resulting values are listed in Table 2 with those of the isotropic coupling protons H(4) and H(7).
Experimental and Theoretical Spin Densities.-From the isotropic component a,, in the H(2) and H(6) coupling the spin densities in the px orbital of C(2) and C (6) can be found from the McConnell relation as(H) = pcQ, (3) where Q has the value of -26 gauss. From the experimental coupling in Table 2 , a, = -(1/3)(9.0 + 6.5 + 3.1) = -6.2 gauss for either H(2) or H (6) . Thus the spin density on C(2) or on C(6) is 0.24.
The spin density on C(4) can be estimated from the isotropic coupling on Hq7) from the relation ao = Aopa cos2 0, (4) where 0 is the angle between the C(4)-C(7)-H(7) plane and the Px orbital on C (4) and where Ao = 58 gauss.8 From the structure of the undamaged crystal, the value of 0 is about 300 for H(7), which has an observed isotropic coupling of 14 gauss. Thus 0a for C(4) is found from equation (4) to be 0.32. From this spin density and the structural value of OH(4) = 790, one finds the splitting by H(4) to be 0.7 gauss. This is too small to be resolvable, which is in agreement with the observation.
Theoretical values of the spin densities have been calculated with the Huckel molecular-orbital (MO) theory9 and with the McLachlan self-consistent field (SCF) theory. 10 As with semiquinone radicals studied by Vincow Table 3 .
Conclusions.-Two different types of free radicals formed by the tyrosine group have now been conclusively identified. One of these, radical (E) identified earlier by H bombardment,4 is formed by H addition on C(2) or C(6); the other 
